The E2 protein encoded by human papillomaviruses (HPVs) inhibits expression of the viral E6 oncoprotein, which, in turn, regulates p53 target gene transcription. To identify cellular proteins involved in E2-mediated transcriptional repression, we isolated an E2 complex from human cells conditionally expressing HPV-11 E2. Surprisingly, the double bromodomain-containing protein Brd4, which is implicated in cell cycle control and viral genome segregation, was found associated with E2 and conferred on E2 the ability to inhibit AP-1-dependent HPV chromatin transcription in an E2-binding site- [Keywords: HPV; E2; AP-1; Brd4; chromatin transcription; gene silencing] Supplemental material is available at http://www.genesdev.org.
Bromodomains are acetyl-lysine targeting modules of ∼110 amino acids commonly found in protein subunits of chromatin-modifying complexes (Winston and Allis 1999) . These complexes work by covalently modifying histone tails or by using the energy of ATP to alter nucleosome structure. In addition to these chromatinmodifying enzymes, some transcriptional components, such as the TAF1 subunit of TFIID, also contain bromodomains able to recognize acetylated core histones at specific lysine residues (Kanno et al. 2004 ). The two tandem bromodomains found in TAF1 can bind simultaneously to two acetyl-lysine residues separated by seven or eight amino acids, such as acetylated K5/K12 and K8/ K16 of histone H4 (Jacobson et al. 2000) . Other proteins with two tandem bromodomains, followed by an additional extraterminal (ET) domain, constitute the BET subfamily, which includes yeast Bdf1 and Bdf2, Drosophila Fs(1)h, and mammalian Brd2/Ring3/Fsrg1, Brd3/ Orfx/Fsrg2, Brd4/MCAP, and Brd5/Brdt (Denis et al. 2000; Dey et al. 2000; Matangkasombut et al. 2000; Houzelstein et al. 2002; and references therein) . A unique feature of the BET family members lies in their ability to bind mitotic chromosomes. The chromatin targeting activity of bromodomain-containing proteins allows them to access chromatin and regulate gene activity through cell cycle progression.
In many virus-infected cells, the viral genome is similarly packaged into chromatin (Favre et al. 1977) . Thus, the necessity for chromatin targeting is also critical for viral gene expression. In viruses, regulation of gene transcription normally relies on the presence of a virus-encoded master regulator, which is often a multifunctional protein capable of working with distinct sets of cellular factors to fine-tune gene activity. A well-known member is the human papillomavirus (HPV)-encoded E2 protein.
The full-length E2 protein is a sequence-specific DNAbinding protein implicated in the control of viral DNA replication (Stenlund 2003; Abbate et al. 2004) , transcription (Hou et al. 2002) , cell cycle progression (Hwang et al. 1993) , apoptosis (Blachon et al. 2005) , senescence (Goodwin and DiMaio 2001) , and viral genome maintenance and segregation (Abroi et al. 2004; Botchan 2004; McBride et al. 2004; Van Tine et al. 2004; You et al. 2004) . Like many cellular transcription factors with different functional modules, E2 contains a C-terminal DNA-binding domain linked to the N-terminal transactivation domain by a flexible hinge. This configuration allows E2 to recognize distinct E2-binding sites (ACCN 6 GGT) with variable internal sequences (Hegde 2002) . Although HPV E2, indeed, possesses weak transactivating activity (Hou et al. 2000) , it normally functions as a transcriptional repressor in its natural host to inhibit the expression of viral E6 and E7 oncoproteins (Bernard et al. 1989) . These virus-encoded oncoproteins, especially from high-risk genital HPVs that induce cervical cancers, are able to functionally inactivate p53 and pRb tumor suppressor proteins generally by targeting these cellular proteins for degradation (Münger et al. 2004) . Recently, we have uncovered an additional mechanism for E6 inactivation of promoter-bound p53 function by inhibiting p300-mediated acetylation of p53 and nucleosomal core histones, independently of inducing p53 degradation (Thomas and Chiang 2005) . This degradation-independent pathway is commonly employed by E6 encoded by both low-risk genital HPVs that are associated with benign genital warts and high-risk cancer-inducing HPVs.
Other than the full-length E2 protein, some types of HPVs also encode E2 variants that have the same Cterminal DNA-binding domain but without the N-terminal transactivation region (Chiang et al. 1991 (Chiang et al. , 1992 Stubenrauch et al. 2000; Jeckel et al. 2003) . These E2 variants, including the double-spliced E2C (dsE2C) protein encoded by low-risk HPV type 11 (HPV-11), typically act as transcriptional repressors that inhibit HPV E6 promoter activity via specific E2-binding sites (Hou et al. 2000) . Surprisingly, while both full-length E2 (hereon referred to as E2) and dsE2C are able to suppress E6 promoter activity with HPV DNA templates in a cell-free transcription system reconstituted with recombinant TFIIB, TFIIE, TFIIF, and epitope-tagged RNA polymerase II (pol II), TFIID, and TFIIH (Hou et al. 2000) , inhibition of HPV transcription in cultured cells appears to additionally require the N-terminal region of E2 (Dowhanick et al. 1995; Demeret et al. 1997; Goodwin et al. 1998) . Presumably the N-terminal domain is necessary for E2 association with undefined cellular proteins to inhibit E6 promoter activity from HPV chromatin that is assembled in the cell.
To identify cellular proteins involved in E2-mediated regulation of HPV chromatin transcription, we established several human cell lines that conditionally express HPV-11 E2 and dsE2C, respectively. Intriguingly, E2 was found to exist in two distinct complexes. Here, we describe the functional characterization of an E2 transcriptional silencing complex that contains E2 and the double bromodomain protein Brd4. Recombinant E2 and Brd4 are both necessary and sufficient for suppressing activator protein 1 (AP-1)-dependent HPV chromatin transcription in an E2-binding site-specific manner. An essential role for Brd4 as a transcriptional corepressor for E2-mediated inhibition of E6 promoter activity is further illustrated by reporter gene assays performed in transfected and stable Brd4-knockdown cells, and by RT-PCR and chromatin immunoprecipitation (ChIP) assays conducted in E2-expressing cells. Our results demonstrate that Brd4 recruits E2 for silencing of HPV chromatin transcription through the N-terminal region of E2. This finding thus identifies Brd4 as the long-sought cellular cofactor involved in E2-mediated repression of HPV chromatin transcription and gene silencing of HPV E6 oncoprotein that antagonizes p53 tumor suppressor function.
Results

Brd4 is present in a cellular complex assembled by HPV-11 E2, but not by dsE2C
To identify cellular proteins mediating the nuclear activity of E2 and to bypass potential cytotoxicity triggered by constitutive E2 production in mammalian cells, we established several tetracycline-regulated E2 cell lines conditionally expressing either dual hexahistidine/FLAGtagged HPV-11 E2 (367 residues) or dual hexahistidine/ FLAG-tagged dsE2C that contains 11 amino acids derived from the E1 ORF linked to the C-terminal 149 residues of E2 (Hou et al. 2000) . These proteins were efficiently induced, following the removal of tetracycline from cultured medium, in human embryonic kidney-derived 293 cells (Fig. 1A ) and in human cervical carcinoma-derived HeLa cells (data not shown). The resulting cell lines were named 293-E2, 293-dsE2C, HeLa-E2, and HeLa-dsE2C, respectively.
To purify cellular proteins associated with the N-terminal domain of E2, we first fractionated 293-E2 nuclear extracts by P11 phosphocellulose ion-exchange chromatography. The majority of E2 was found in the P11 0.5 M KCl (P.5) fraction with some also detected in the 0.85 M KCl (P.85) fraction (Fig. 1B, 293-E2 ). The E2 complex was then isolated from the P.5 fraction, designated as E2-P.5, by anti-FLAG immunoaffinity purification (Fig. 1B) . Control purification was conducted in parallel from P.5 fractions prepared from both parental and dsE2C-expressing 293 cell lines. As described for E2, dsE2C was also found in both P.5 and P.85 fractions, although a greater part of dsE2C resided in the P.85 fraction (Fig. 1B, 293-dsE2C ). When the purified E2-P.5 complex was separated by SDS-PAGE and visualized by silver staining, a major polypeptide of ∼200 kDa and a protein doublet migrating at ∼120 kDa were associated specifically with E2 (Fig.  1C, lanes 1-3) . The 200-kDa band was identified as Brd4 and the 120-kDa protein doublet was characterized to be SMC5 and SMC6 by mass spectrometry ( Supplementary  Figs. 1-3 ). The identity of Brd4 was further verified by Western blotting with an anti-Brd4 antibody (Fig. 1C,  lanes 4-7) . These results not only identified Brd4 as a cellular protein naturally associated with HPV E2 in the cell but also demonstrate that the association of Brd4 with E2 indeed requires the N-terminal domain of E2, as Brd4 was not detected in the P.5 complex isolated from dsE2C-expressing cells.
E2-P.5 is a transcriptional silencing complex capable of inhibiting AP-1-dependent HPV chromatin transcription
Brd4 might play a role in E2-mediated regulation of HPV E6 promoter activity. To explore this possibility, we first established an HPV chromatin transcription system using the p7072-70GLess/I + template that contains the entire 1 kb of the HPV-11 upstream regulatory region (URR) with two well-characterized AP-1 recognition sequences and four E2-binding sites linked to a 377-basepair (bp) G-less cassette ( Fig. 2A) . We have previously shown that transcription in vitro from this HPV-11 URR-driven DNA template initiates at the correct start site and faithfully recapitulates E2-mediated regulation of E6 promoter activity as observed in vivo (Hou et al. 2000) . This HPV-11 DNA template was assembled into chromatin by incubating with purified HeLa core histones, Drosophila nucleosome assembly factor ACF (a protein dimer reconstituted from recombinant Acf1 and FLAG-tagged ISWI), and recombinant human NAP-1 histone chaperone (Fig. 2B, lanes 1-3) , according to the scheme (Fig. 2C) described previously for the assembly of a p53-dependent chromatin template (Thomas and Chiang 2005) . Micrococcal nuclease (MNase) digestion was performed to verify formation of regularly spaced nucleosomes on the in vitro reconstituted HPV chromatin (Fig. 2D) . To examine whether nucleosomes were also positioned at specific locations on HPV-11 chromatin similar to that of HPV-16 chromatin assembled with crude Drosophila S190 extracts (Stünkel and Bernard 1999) , we mapped the upstream boundary of a promoterproximal nucleosome by conducting primer extension on DNA fragments isolated from MNase-digested nucleosomes containing >90% mononucleosomes and some residual dinucleosomes (see Supplementary Fig. 4) . Indeed, the upstream boundary was mapped within the Sp1-binding site to nucleotide 33 of the HPV-11 genome (Fig. 2E) , suggesting that nucleosomes are not only regularly spaced but also properly positioned (see below) on the in vitro reconstituted HPV-11 chromatin.
To ensure that the nucleosome positioning observed in vitro truly reflects the chromatin setting in vivo, we took advantage of the fact that HeLa cells harbor integrated HPV type 18 (HPV-18) genomes and thus provide a unique system for defining the in vivo boundaries of the E6 promoter-proximal nucleosome. Ligation-mediated PCR (LM-PCR), used for high-resolution mapping of nucleosomal structure in vivo (Kemper et al. 2004 ), was conducted with primer A and primer B that anneal to the HPV-18 E6 promoter region for pinpointing, respectively, the upstream and downstream boundaries of the promoter-proximal nucleosome (Fig. 2F) . Indeed, a phased nucleosome was mapped precisely between HPV-18 nucleotides 33 and 187 in the presence of T4 kinase, which enables the LM-PCR reactions (Fig. 2F, lanes 1-4) . It is noted that a distinct band detected at nucleotide 7816 between the AP-1 and #2 E2-binding sites likely represents the downstream boundary of an adjacent upstream nucleosome with several fainter bands presumably caused by incomplete MNase digestion of the linker DNA (Fig. 2F, lanes 1,5) . An extra band with size slightly smaller than that of the boundary-demarking band (Fig.  2F , lane 3) may be a sign of nucleosome breathing (Mellor 2005) typically occurring at the DNA entry and exit sites preferentially cleaved by MNase. Remarkably, when in vitro reconstituted HPV-18 chromatin containing the whole viral genome was similarly analyzed by primer extension, we found that the upstream boundary of the HPV-18 promoter-proximal nucleosome was mapped to the identical position as identified in HeLa cells (Fig. 2F , cf. lanes 5 and 6). The size difference between the in vivo (126 nucleotides [nt] ) and in vitro (103 nt) bands is due to the length of the ligation linker (23 nt) Figure 1 . Identification of Brd4 as a component of a cellular complex assembled by HPV-11 E2, but not by dsE2C. (A) Inducible expression of hexahistidine/FLAGtagged E2 and dsE2C in 293-derived cell lines. Western blotting was performed with anti-hexahistidine antibodies using cell lysates, harvested in the presence (+) or absence (−) of tetracycline (Tc). (B) Purification scheme for E2-P.5 and dsE2C-P.5 complexes. Detection of hexahistidine/FLAG-tagged E2 and dsE2C in nuclear extract (NE) and different P11 fractions, prepared from 293-E2 and 293-dsE2C cell lines, respectively, was conducted by Western blotting with anti-FLAG M2 monoclonal antibody. (C) Brd4 is a component of the E2-P.5 complex. The presence of Brd4 in E2-P.5, dsE2C-P.5, and a control sample purified in parallel from parental 293 cells (Mock-P.5) was analyzed by silver staining (lanes 1-3) and by Westernblotting with anti-mouse Brd4 antibodies (lanes 4-7, top panel). The existence of tagged E2 and dsE2C in the purified complexes was confirmed by Western blotting with anti-hexahistidine antibodies (lanes 5-7, bottom two rows). The P.5 fraction derived from 293-E2 cells was loaded as input (InP) control.
included for in vivo LM-PCR analysis. Thus, our in vitro reconstituted HPV chromatin, indeed, reflects the physiological chromatin environment. Moreover, it suggests that HPVs carry natural nucleosome positioning elements that facilitate formation of phased nucleosomes on the viral genome (Stünkel and Bernard 1999 ; this study), thereby underlying the formation of viral minichromosomes observed earlier in infected cells (Favre et al. 1977) .
The successful reconstitution of HPV chromatin faithfully recapitulating in vivo nucleosome phasing allows us to address the role of cellular proteins modulating HPV transcription in vitro with well-defined components. Since transcription is generally suppressed by nucleosomes assembled on the promoter region and the initiation of transcription from the silenced chromatin typically requires an activator and a histone acetyltransferase such as p300 (Thomas and Chiang 2005) , we had screened several viral and cellular transcription factors for their ability to initiate transcription from HPV chromatin in conjunction with acetyl-CoA and p300 following the outlined protocol (Fig. 3A) . Intriguingly, when purified p300 and AP-1 (reconstituted from hexahistidine-tagged human c-Fos and untagged human c-Jun) ( Fig. 3B ) were incubated together with HPV-11 chromatin and acetyl-CoA prior to the addition of HeLa nuclear extract, ribonucleoside triphosphates, and an internal DNA control template (pML⌬53) that contains only the adenovirus major late core promoter preceding a 280-bp G-less cassette, we could detect significant transcription from silenced HPV chromatin (Fig. 3C , lanes 2 vs. 1,4). A small (approximately twofold) effect of AP-1-and acetylCoA/p300-dependent stimulation was also seen with HPV DNA template (Fig. 3C , lanes 1-4 vs. 5-8). Further Increasing MNase digestion times were used to cleave HPV-11 chromatin or the same mock-assembled (i.e., protein-free) DNA. A size marker (T, C, G, and A lanes) was generated from a DNA sequencing reaction using the same primer for nucleosome mapping. Transcription factor-binding sites in the E6 promoterproximal region are indicated on the right, with +1 specifying the transcription start site and the oval shape (drawn on the left) depicting the nucleosome-embedded region. (F) Nucleosome positioning on HPV-18 chromatin isolated from HeLa cells (in vivo) and on in vitro reconstituted HPV-18 chromatin. LM-PCR was conducted with primer A or primer B, in the presence (+) or absence (−) of T4 DNA kinase, for in vivo mapping of nucleosome boundaries, whereas primer extension (with primer A) was used for in vitro analysis. Numbers in parentheses represent the lengths of DNA fragments extending from the 5Ј end of the primer to the downstream (lane 3) or upstream (lanes 1,5,6) boundary of the E6 promoter-proximal nucleosome (indicated by an asterisk). The number preceding each parenthesis additionally includes the length of the linker DNA (23 nt) used for LM-PCR. A DNA size marker, generated from a sequencing reaction, is shown on the left.
inclusion of an increasing amount of the E2-P.5 complex, normalized with recombinant E2 protein ( Fig. 3D ), suppressed HPV transcription specifically from chromatin (Fig. 3E , lanes 5,6 vs. 2, lanes 13,14 vs. 10). Only a modest effect was seen with recombinant E2, dsE2C-P.5, and control P.5 complexes (Fig. 3E, 7, 8) . This finding suggests that the Brd4-containing E2-P.5 complex possesses transcriptional silencing activity specific to chromatin templates.
E2-P.5 complex-mediated silencing of AP-1-dependent HPV chromatin transcription requires promoter-proximal E2-binding sites
To define whether transcriptional silencing mediated by the E2-P.5 complex requires E2 target sequences in the HPV URR, we used a set of truncated HPV-11 templates containing one AP-1-binding site and mutations in the #2, #3, and #4 E2-binding sites, either individually or in combination (Fig. 4A) , and assembled them, respectively, into chromatin. Regularly spaced nucleosomes were formed on each of these templates (Fig. 4B ), similar to that observed with the DNA construct containing a longer URR (see Fig. 2D ). Mutations of all three E2-binding sites (234M) almost completely alleviated repression by the E2-P.5 complex (Fig. 4C , lanes 5-8). Dissection of individual E2-binding sites indicated that the #4, rather than #2 or #3, E2-binding site was most critical for repression by the E2-P.5 silencing complex (Fig. 4D , lanes 1-12), a conclusion further supported by the pairwise mutational studies (Fig. 4D , lanes 13-24) and also by previous in vivo and in vitro assays (Hou et al. 2000 and references therein).
Recombinant Brd4 and E2 are sufficient for E2-P.5 silencing activity
The abundance of Brd4 in the E2-P.5 complex, relative to the other minor bands such as SMC5 and SMC6, raised the possibility that Brd4 alone may be sufficient to confer on E2 the ability to silence HPV chromatin transcription. To test this hypothesis, we purified recombinant FLAG-tagged Brd4 (f:Brd4) protein, alone or together with recombinant HA-tagged E2 (HA:E2), from insect cells infected with respective recombinant baculoviruses (Fig.  5A ). The existence of PEST sequences, frequently found in highly labile proteins, and the large size of recombinant Brd4 inevitably lead to some degradation species. Nevertheless, HA:E2 was copurified from coinfected insect cells with f:Brd4, which was pulled down by anti- In vitro transcription was performed in HeLa nuclear extracts (NE) using HPV-11 chromatin or DNA template, in the presence (+) or absence (−) of p300, acetyl-CoA, and AP-1 as indicated. The pML⌬53 control DNA template was added at the same time with nucleoside triphosphates (NTPs), as outlined in A. (D) Normalization of recombinant E2 and the E2-P.5 complex by Western blotting. (E) E2-P.5, but not recombinant E2 or dsE2C-P.5 and Mock-P.5, significantly represses transcription from HPV chromatin. In vitro transcription was performed as described in C in the presence of p300 and acetyl-CoA, with (+) or without (−) AP-1, E2, E2-P.5, and dsE2C-P.5 added at the beginning of the reaction with HPV chromatin or DNA template.
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Cold Spring Harbor Laboratory Press on September 28, 2017 -Published by genesdev.cshlp.org Downloaded from FLAG M2 monoclonal antibody-linked agarose beads (Fig. 5A , cf. lanes 2 and 3). No HA:E2 was isolated together with C-terminally truncated f:Brd4 missing the E2-interacting domain (see below) during coinfection and complex purification (data not shown). These results suggest that E2 and Brd4, produced in baculoviruscoinfected insect cells, indeed form a preassembled complex. The availability of these recombinant proteins as individual entities or as a preassembled complex (Brd4/ E2) made it possible for us to examine directly their inhibitory effect on HPV chromatin transcription. As shown in Figure 5B , the presence of both Brd4 and E2 significantly suppressed AP-1-dependent transcription specifically from HPV chromatin but not from DNA templates (Fig. 5B , cf. lanes 5,6 and 1, and lanes 7-12). Brd4 alone appeared to slightly reduce transcription activity from both HPV chromatin and HPV DNA templates (Fig. 5B , lanes 4 vs. 2, lanes 10 vs. 8), likely due to squelching of some cellular factors involved in HPV transcription. Furthermore, inhibition of chromatin transcription by Brd4 and E2 seemed to be activator-specific, as the Brd4-E2 silencing complex failed to antagonize Gal4-VP16-mediated transcription from a chromatin template (pG 5 MLT) containing five Gal4-binding sites (Fig. 5C ).
The availability of recombinant Brd4 also allowed us to verify whether Brd4, indeed, interacts directly with the N-terminal domain of E2 (see Fig. 1C ; You et al. 2004) . Immobilized GST and GST fusions of HPV-11 E2, dsE2C, and an E2 mutant containing only the N-terminal amino acids 1-200 were incubated individually with recombinant f:Brd4. As shown in Figure 5D , f:Brd4 only associates with the full-length (FL) and the N-terminal 200 residues of E2, and does not interact with dsE2C. This result demonstrated that Brd4 indeed interacts directly with the N-terminal domain of E2, consistent with the finding that Brd4 is present in the cellular complex assembled by E2, but not by dsE2C (see Fig. 1C ). A reciprocal interaction assay was also carried out to map the E2-interacting domains on Brd4. Immobilized GST-E2(FL) or GST alone was incubated, respectively, with a series of bacterially expressed f:Brd4 protein domains spanning the entire molecule (Fig. 5E , left and middle panels). The bound proteins were then detected by Western blotting with anti-FLAG M2 monoclonal antibody. Clearly, two separate E2-interacting domains were identified on Brd4: one at the extreme C-terminal domain (CTD) and the other in a region containing the second bromodomain (Fig. 5E, right panel, lanes 3,4) . Both regions of Brd4 are important for Brd4-mediated inhibition of HPV transcription (see below).
Knockdown of Brd4 in cultured human cells alleviates E2-mediated repression of E6 promoter activity
The identification of Brd4 as the cellular protein mediating E2 repression of HPV chromatin transcription in vitro suggests that Brd4 functions as a transcriptional corepressor for E2-mediated inhibition of HPV E6 promoter activity in vivo. To explore this possibility and to provide a functional link for Brd4 involvement in E6 promoter regulation, we conducted a reporter gene assay by transfecting pGL7072-161, which contains the HPV-11 URR-E6 promoter linked to a luciferase reporter, with different amounts of E2 and dsE2C expression plasmids, in the absence or presence of a Brd4 expression construct, into human cervical carcinoma-derived C-33A cells. Indeed, Brd4 significantly enhanced E2-mediated repression of E6 promoter activity in a dose-dependent manner, while it had no effect on dsE2C-mediated repression (Fig. 6A) . In this transient transfection assay, dsE2C strongly inhibits E6 promoter activity due to its overexpression relative to E2 (Fig. 6A, lanes 1,2) , whose expression in the crude lysate was below the detectable level unless a proteasome inhibitor, such as lactacystin or MG132, was included in the medium to prevent proteasome-mediated degradation of E2 through its N-terminal domain (Fig. 6A , lanes 3-5; see also Bellanger et al. 2001) . The Brd4-independent repression exhibited by dsE2C likely works by inhibiting the assembly of preinitiation complexes on the nucleosome-free E6 promoter region or by squelching essential cellular factors modulating E6 promoter activity. These possibilities are in agreement with our previous finding that an equivalent amount of E2 and dsE2C can both suppress E6 promoter activity by preventing TFIIF-escorted pol II entry to the promoter region, as evidenced by in vitro transcription assays conducted with limiting amounts of general transcription components and with nucleosome-free DNA templates (Hou et al. 2000) . Nevertheless, this transient transfection and reporter gene assay clearly verifies the and E2, reconstituted in vivo (Brd4/E2) or individually combined in vitro, strongly inhibit HPV transcription from chromatin. In vitro transcription was performed as described in Figure 3E , except that recombinant Brd4 and recombinant E2 were used as indicated. (C) The E2-Brd4 complex does not inhibit Gal4-VP16-mediated chromatin transcription. In vitro transcription was performed as described in B, except that Gal4-VP16 and a chromatin template containing five Gal4-binding sites (pG 5 MLT) were used in the experiment. (D) The N-terminal domain of E2 is necessary for interaction with Brd4. A GST pull-down assay was performed by incubating recombinant FLAG-tagged Brd4 (f:Brd4) with immobilized GST-E2(FL), GST-E2(1-200), or GST-dsE2C as indicated. Bound f:Brd4 was then detected by Western blotting with anti-FLAG M2 monoclonal antibody. (E) The extreme C terminus and a region containing the second bromodomain of Brd4 are involved in E2 interaction. A GST pull-down assay was performed by incubating individually purified FLAG-tagged Brd4 deletion domains (middle panel, Coomassie-stained gel) with immobilized GST or GST-E2(FL). Bound f:Brd4 domains were then detected by Western blotting with anti-FLAG M2 monoclonal antibody. Amino acid residues spanning BDI and BDII, an ET domain, and the CTD of Brd4 are depicted on the left. functional importance of Brd4 interaction with the Nterminal domain of E2.
To demonstrate that Brd4 is a bona fide transcriptional corepressor for E2 function in vivo, we evaluated the efficiency of E2-mediated repression of the E6 promoter by reducing the cellular level of Brd4 using a retroviral vector expressing small hairpin RNA (shRNA) specifically designed for Brd4 knockdown. Cotransfection of the #1 Brd4 shRNA plasmid that produces small interfering RNA (siRNA) corresponding to nucleotides 228-246 (i.e., the sequence coding for amino acids 76-82) of human Brd4 with pGL7072-161 and an E2-expressing plasmid significantly alleviated E2-mediated repression of E6 promoter activity due to a reduction of the Brd4 protein (Fig. 6B, lanes 1-3) . The #2 Brd4 shRNA plasmid that generates siRNA matching nucleotides 423-441, located further downstream from the #1 sequence, was ineffective in diminishing E2 repressing activity, because the level of endogenous Brd4 was not reduced (Fig. 6B,  lane 4) . The success of using the #1 shRNA plasmid for Brd4 knockdown in transient transfection prompted us to establish stable C-33A-derived cell lines constitutively expressing #1 Brd4 shRNA. Indeed, repression of E6 promoter activity by E2 was dramatically reduced in stable Brd4-knockdown cells (#1-13) relative to a control cell line (V-1) carrying only the vector, again in parallel with the drop of Brd4 in #1-13 cells (Fig. 6C, lanes 1,2) . Similar results were also obtained with other independent C-33A isolates expressing #1 Brd4 shRNA (data not shown). It should be mentioned that knockdown of Brd4 did not change the level of E2 expression in both transiently transfected C-33A and its derived shRNA cell lines under various conditions tested, although the doubling time in stable knockdown cells has been extended 1,2) or presence (lanes 3,4) of an f:Brd4 expression plasmid into #1-13 cells that express #1 Brd4 shRNA or into vector-harboring V-1 cells. Western blotting and luciferase assays were then carried out as described in B. (D) Schematic of the protein domains in mouse Brd4 proteins. (E) The CTD and a bromodomain-containing region are both necessary for the corepressor activity of Brd4. Reporter gene assay was carried out in #1-13 cells as described in C, except that different Brd4 deletion constructs were used for comparison with the full-length (FL) Brd4 clone. Detection of the expressed proteins by coimmunoprecipitation and Western blotting was conducted as described in Materials and Methods. Antibodies against the C-terminal region (residues 1199-1362) or the N-terminal domain (residues 149-284) of human Brd4 were used for Western blotting. from 24 to 48 h (data not shown). To confirm that a lack of efficient E2-mediated repression in #1-13 cells was actually caused by the deficiency of Brd4 and to further exclude any indirect effect that might influence E6 promoter activity, we reintroduced Brd4 back to the cells by cotransfecting with the reporter and E2 plasmids an increasing amount of the f:Brd4 expression plasmid. As expected, exogenous Brd4 efficiently restored E2-mediated repression of E6 promoter activity in a dose-dependent manner (Fig. 6C, lanes 3,4 vs. 1,2) , demonstrating that the availability of Brd4, indeed, accounts for the efficiency of E2 repressing activity. We thus conclude that Brd4 is the cellular corepressor essential for E2-mediated repression of HPV E6 promoter activity.
We next used the stable Brd4-knockdown cells to define the functional role of the Brd4 CTD and the second bromodomain-containing region that are involved in E2 interactions (see Fig. 5E ). Three truncated Brd4 mutants that selectively remove the first bromodomain (BDI), the second bromodomain (BDII), and the CTD (Fig. 6D) were transfected into #1-13 cells, respectively, and compared with the full-length Brd4 for their ability to restore E2-mediated repression of E6 promoter activity. Deletion of the BDI (construct 280-1400) slightly reduced the corepressor activity of Brd4 (Fig. 6E, lanes 2,3 vs. 1 ). Further removal of the BDII region (construct 600-1400) or deletion of the CTD (construct 1-1260) completely abolished the ability of Brd4 to support E2 repressing activity (Fig.  6E, lanes 4,5 vs. 1 ). This functional assay demonstrates that the regions including the E2-interacting domains are also important for the corepressor function of Brd4. To ensure that FLAG-tagged full-length and truncated Brd4 proteins were all properly expressed in #1-13 cells, we examined the levels of protein expression from these Brd4 expression plasmids by analyzing the anti-FLAG antibody pulled-down immunoprecipitates and detected the exogenously expressed Brd4 proteins with polyclonal antibodies that recognize either the C-terminal residues or the N-terminal region (149-284) of human Brd4. While an approximately equivalent amount of full-length Brd4 and the 280-1400 and 600-1400 mutants was detected by the anti-Brd4 C-terminal antibodies, the 1-1260 mutant was detected by the anti-Brd4 N-terminal antibodies to a level significantly higher than that of the full-length protein detected by the same antibodies (Fig. 6E, lanes 6-9, top two panels) . Even so, the 1-1260 mutant still failed to restore E2-mediated repression in the Brd4-knockdown cell (Fig. 6E , cf. lanes 2 and 5). Consistent with the in vitro pull-down assay, deletion of the CTD abolished Brd4 interaction with HPV E2 in the cotransfection assay (Fig. 6E, lanes 6,9,  third row) . Unexpectedly, the 600-1400 mutant still associated with E2 (Fig. 6E, lanes 6 vs. 8, third row) , suggesting that the CTD is the predominant E2-interacting domain in the context of the full-length Brd4 protein and the failure of the BDI-and BDII-deleted 600-1400 mutant in re-establishing E2-mediated repression (Fig. 6E , lanes 4 vs. 1,2) is likely due to the inability of the doublebromodomain-deficient Brd4 mutant to bind chromatin (see below). The level of the E2 protein was not altered by coexpressed 600-1400 and 1-1260 mutants (Fig. 6E , lanes 8,9 vs. 6, fourth row), thus excluding the possibility that the loss of E2-mediated repression was due to reduced E2 expression in these Brd4 mutant-expressing cells.
Brd4 enhances E2 recruitment to the E6 promoter region, resulting in reduced association of TFIID and pol II without altering the acetylation status of core histones
To examine whether the Brd4-E2 silencing complex inhibits E6 promoter activity by preventing the recruitment of the general transcription machinery, we carried out RT-PCR and ChIP assays with HeLa and HeLa-E2 cells that harbor endogenous HPV-18 genomes. Indeed, expression of E2 in HeLa-E2 cells significantly reduced the level of E6 transcripts (Fig. 7A ). This result correlated with lower amounts of TAF1 and pol II recruitment to the endogenous E6 promoter (Fig. 7B , cf. lanes 6 and 7 in both panels), but not to the TAF7 gene (see Supplementary Fig. 5A ). The ChIP assay, performed with a primer pair that amplifies a promoter-proximal DNA fragment containing #3 and #4 E2-binding sites and the TATA box of the E6 promoter (Fig. 7C) , also revealed that Brd4 was already prebound to the E6 promoter in the absence of E2 and that the presence of E2 (detected by both anti-E2 and anti-hexahistidine antibodies) did not change the level of promoter-bound Brd4 (Fig. 7B , cf. lanes 5 in both panels). This finding suggests that E2 does not work by enhancing Brd4 corepressor recruitment to the promoter region. On the other hand, prebound Brd4 might play a critical role in facilitating E2 recruitment to the E6 promoter region. Surprisingly, the levels of acetylated and total histone H3 and H4 were not altered following the recruitment of E2 (Fig. 7B, lanes 8,9; see Supplementary  Fig . 5B), indicating that Brd4 binding to acetylated core histones may be a prerequisite for efficient recruitment of E2 to the E6 promoter region. To explore this possibility, we performed ChIP assays following treatment of freshly thawed HeLa-E2 cells that express only limiting amounts of E2 with the histone deacetylase inhibitor sodium butyrate to enhance the level of acetylated chromatin in the cell and then examined the recruitment of Brd4 and E2 to the E6 promoter region as well as to the #1 E2-binding site at −0.5 kb and to the L1 region at −1 kb upstream of the transcription start site (Fig. 7C ). Under the condition in which a low concentration of E2 fails to bind stably to the endogenous HPV-18 genome, treatment of sodium butyrate, indeed, enhanced the levels of acetylated but not total histone H4 at the promoterproximal region and also at −0.5-and −1-kb regions (Fig.  7D , lanes 5 vs. 10; see Supplementary Fig. 5C ) without altering the level of E2 expression (data not shown). Accordingly, binding of E2 to both the promoter-proximal and −0.5-kb regions was significantly enhanced by the improved association of Brd4 with acetylated chromatin (Fig. 7D, lanes 3-5 vs. 8-10, top two rows) . In contrast, no enhanced recruitment of Brd4 was observed at the −1-kb region that does not contain an E2-binding site, even though the level of acetylated chromatin at the −1-kb region was significantly enhanced by sodium butyrate treatment (Fig. 7D , cf. lanes 4 and 9, lanes 5 and 10, third row). This finding suggests that acetylated chromatin alone is not sufficient to stabilize Brd4 binding to chromatin and a synergistic binding between Brd4 and a sequence-specific DNA-binding protein that interacts with Brd4, such as E2, is necessary for mutual enhancement of binding to acetylated chromatin. This view is also consistent with the rapid "on" and "off" mode of Brd4 binding to acetylated chromatin in living cells (Dey et al. 2003) . It should be mentioned that, although Brd4 is efficiently recruited to HPV chromatin, it was not universally found in every gene, such as the protocadherin ␥3A1 gene (S.-Y. Wu and C.-M. Chiang, unpubl.) .
The recruitment of E2 by Brd4 was further examined by conducting a transient transfection-ChIP assay in sodium butyrate-treated C-33A cells to evaluate the efficiency of E2 and dsE2C recruitment to the E6 promoter in pGL7072-161, with or without f:Brd4. As shown in Figure 7E , f:Brd4 alone bound efficiently to the E6 promoter region, irrespective of the presence or absence of E2 and dsE2C (Fig. 7E , cf. lanes 2 and 4 and 6 in ␣-FLAG row). In contrast, recruitment of E2 could be enhanced when exogenous f:Brd4 also associates with the E6 promoter region (Fig. 7E, lanes 3,4, bottom two rows) . Not surprisingly, Brd4 did not influence the recruitment of dsE2C (Fig. 7E, lanes 5,6 , ␣-E2 row), since dsE2C lacks the N-terminal domain needed for Brd4 interaction. The Brd4-independent recruitment of dsE2C to the E6 promoter is likely caused by overexpression of dsE2C (see Fig. 6A, lane 2) , which has a tendency to bind nucleosome-free DNA templates or improperly assembled chromatin typically observed with transfected reporter plasmids.
To further define the role of Brd4 in E2 recruitment, we cotransfected an HA-tagged E2 expression plasmid with either the full-length or a truncated Brd4 expression construct into a stable HeLa-derived Brd4-knockdown cell line (HeLa-shBrd4) and monitored the recruitment of E2 and various Brd4 mutants (see Fig. 6D ) to the endogenous HPV-18 E6 promoter region. As shown in Figure  7F , only full-length and the 280-1400 and 1-1260 mutants, but not the 600-1400 mutant, could be recruited to the E6 promoter, indicating that the presence of at least a bromodomain is necessary for Brd4 targeting to HPV chromatin (Fig. 7F, lanes 2-5, second row) . A reduced recruitment of the BDI-deleted 280-1400 mutant to the E6 promoter, compared with the full-length Brd4 (Fig. 7F, lanes 2,3, second row) , correlated with slightly diminished activity of 280-1400 in restoring E2-mediated repression in #1-13 Brd4-knockdown cells (see Fig.   Figure 7 . Brd4 recruits E2, which in turn prevents TFIID and pol II association with the HPV E6 promoter region. (A) E2 inhibits the expression of the E6 transcript. RT-PCR was performed using primer pairs annealing to the coding region of E2, E6, and ␤-actin, respectively. (B) Recruitment of E2 prevents TFIID and pol II association with the E6 promoter region. ChIP assays were conducted with chromatin samples isolated from HeLa and HeLa-E2 cells using different anti-protein antibodies or no antibody (mock) as indicated. PCR products, amplified by a primer pair annealing to the HPV-18 E6 promoter-proximal region (see C), were resolved on an 8% polyacrylamide gel and visualized after ethidiumbromide staining. (C) Locations of HPV-18-specific primer pairs used for ChIP assays. (D) Treatment of HeLa-E2 cells with sodium butyrate enhances Brd4-mediated recruitment of E2 to the endogenous HPV-18 E6 promoter and the −0.5-kb region that contains an E2-binding site. ChIP assays were performed with primer pairs outlined in C. (E) Brd4 enhances E2 recruitment to the E6 promoter region. ChIP assay was performed with anti-FLAG M2 or anti-E2 antibodies with chromatin samples isolated from C-33A cells transfected with pGL7072-161, with (+) or without (−) E2, dsE2C, and f:Brd4 expression plasmids as indicated. PCR products, amplified by a primer pair annealing to the HPV-11 E6 promoter-proximal region (see the top drawing), were resolved on an 8% polyacrylamide gel and visualized after ethidium-bromide staining. (F) The CTD and a bromodomain-containing region are both necessary for Brd4-mediated recruitment of E2 to the endogenous HPV-18 E6 promoter in stable HeLa-derived Brd4-knockdown cells (HeLa-shBrd4) cotransfected with HA:E2 and various Brd4 expression plasmids. The ChIP assay was performed with a primer pair that amplifies the HPV-18 E6 promoter region (see C). 6E, lanes 2 vs. 3). Deletion of the CTD (1-1260) or both BDI and BDII bromodomains (600-1400) severely impaired E2 recruitment to the E6 promoter (Fig. 7F, lanes  4,5 vs. 2,3) , likely accounting for the deficiency of these two Brd4 mutants in supporting E2-mediated repression (see Fig. 6E, lanes 4,5) . From these experiments, we conclude that the chromatin targeting activity of Brd4 and its E2-interacting CTD are both necessary for Brd4-mediated recruitment of E2 to HPV chromatin and for transcriptional silencing of the E6 promoter by preventing preinitiation complex assembly via blocking TFIID and pol II binding to the target gene.
Discussion
From the biochemical purification of a major HPV-11 E2-assembled cellular complex, we were able to identify by mass spectrometry the double bromodomain protein Brd4 as the predominant cellular protein naturally associated with E2 in human cells. Using in vitro reconstituted HPV chromatin that faithfully recapitulates in vivo nucleosome positioning on the E6 promoter region, we demonstrated that the isolated Brd4-E2 complex functions as a transcriptional silencer capable of inhibiting HPV chromatin transcription mediated by the human c-Jun/c-Fos dimeric AP-1 complex. This inhibition is sequence-dependent and occurs primarily through the #4 promoter-proximal E2-binding site. Recombinant Brd4 and E2 are sufficient for the silencing activity, which requires both the N-terminal region and the Cterminal DNA-binding domain of E2 as well as the extreme C terminus and a bromodomain-containing region of Brd4. The ability of Brd4 and E2 to inhibit E6 promoter activity was further illustrated in vivo by reporter gene assays and RT-PCR using transfected and stable Brd4-knockdown cells. By conducting ChIP assays to monitor recruitment of transcriptional components to the endogenous HPV-18 E6 promoter in HeLa and HeLa-derived E2-expressing cells and to a transiently transfected HPV-11 URR-E6 promoter-driven reporter, we found that Brd4 enhances E2 recruitment to the E6 promoter, likely depending on Brd4 binding to acetylated histones H3 and H4. Promoter-bound E2 then suppresses transcription by preventing TFIID binding to the TATA box and also pol II entry to the E6 promoter region. These findings are significant in several aspects.
First, the identification of Brd4 as the cellular corepressor mediating E2 inhibition of E6 promoter activity through its interaction with the N-terminal domain of E2 resolves a decade-old puzzle of why the N-terminal region of E2, while dispensable for transcriptional repression in vitro with DNA templates, is necessary for E2-mediated repression in vivo (see introduction above). The hypothesized chromatin-binding corepressor (Hou et al. 2000 ) is now identified as Brd4. Second, the identification of AP-1, but not Sp1 and YY1 (data not shown), as a critical cellular transcription factor able to initiate transcription in vitro from silenced HPV chromatin, whose structure was first observed nearly 30 years ago by electron microscopy with viral samples obtained from human plantar warts (Favre et al. 1977) , directly demonstrates the involvement of AP-1 in HPV transcription and is consistent with genetic studies indicating the importance of AP-1-binding sites for E6/E7 gene expression in both differentiated and undifferentiated cell types, including keratinocytes and stratified epithelial tissues (Kyo et al. 1997; Zhao et al. 1997; and references therein) . Third, the finding that acetylation on histones H3 and H4 remains unaltered following Brd4-mediated recruitment of E2 to the E6 promoter region indicates that acetylation on histone tails may also signal the recruitment of a sequence-specific transcriptional repressor whose chromatin targeting activity depends on the binding of a corepressor to acetylated chromatin. Fourth, the inhibition of TFIID and pol II association with the E6 promoter resulting from E2 binding in vivo is in agreement with previous in vitro studies showing that E2 is able to block TBP binding to the TATA box (Dostatni et al. 1991; Hou et al. 2000) and independently impedes TFIIF-escorted pol II entry to the E6 promoter region (Hou et al. 2000) . Taken together, these functional studies and recruitment assays provide a molecular mechanism underlying the function of Brd4 in linking chromatin targeting to E2-mediated HPV transcriptional silencing.
Chromatin targeting by bromodomain-containing proteins has been commonly implicated in gene activation (see introduction above). The recent reports that Brd4 can function as a transcriptional coactivator capable of stimulating the kinase and elongation activities of PTEFb Yang et al. 2005) provides the first evidence for Brd4's involvement in transcription, in addition to its previously characterized roles in cell proliferation (Dey et al. 2000; Houzelstein et al. 2002) , DNA replication (Maruyama et al. 2002) , and gene rearrangement found in t(15;19)-associated carcinomas (French et al. 2003) . Our finding that Brd4 can also act as a transcriptional corepressor implicated in HPV gene silencing not only extends the functional properties of Brd4 but also exemplifies a dual role of a typical transcription cofactor in gene activation and repression (Thomas and Chiang 2006) . In our purified E2-P.5 complex, we could not detect the cyclin T1 and Cdk9 components of PTEFb, nor the presence of Brd2 (S.-Y. Wu and C.-M. Chiang, unpubl.) . This is not surprising, given that PTEFb-Brd4 interaction seems rather weak and tends to be disrupted by salt concentrations >0.25 M KCl (Yang et al. 2005) and that Brd2 cannot replace Brd4 in supporting E2-mediated repression in Brd4-knockdown cells (S.-Y. Wu and C.-M. Chiang, unpubl.) .
The finding that Brd4 is an HPV-11 E2 corepressor is also intriguing from the virus perspective. Brd4 has recently been identified as the cellular adaptor mediating bovine papillomavirus type 1 (BPV-1) genome tethering to host mitotic chromosomes through its interaction with BPV-1 E2, thereby facilitating viral genome segregation during mitosis (You et al. 2004 ). This genometethering function of BPV-1 E2 (Lehman and Botchan 1998; Skiadopoulos and McBride 1998; Ilves et al. 1999) can be adapted for plasmid maintenance in Saccharomy-ces cerevisiae, provided that E2-binding sites are created in the plasmid and mammalian Brd4 is additionally introduced into yeast (Brannon et al. 2005) . The association between Brd4 and BPV-1 E2 with chromatin appears to be stable and persists through both mitosis and interphase (McPhillips et al. 2005) . Since HPV E2 does not stably associate with mitotic chromosomes and seems to anchor on mitotic spindles during mitosis (Van Tine et al. 2004) , it remains to be investigated whether the genomic-tethering function of BPV-1 E2 can be applied to HPV E2 with respect to their functional interactions with Brd4. Likewise, it needs to be defined whether the transcriptional silencing activity of the HPV E2-Brd4 complex can also be observed with E2 complexes isolated from animal papillomaviruses. Undoubtedly, Brd4 is a central player in virus-induced pathogenesis and is evidently an appealing molecular target for future drug development to control HPV-induced human diseases, including genital warts, skin tumors, and cervical cancers.
Materials and methods
Plasmid construction
Retroviral expression plasmids pBPSTR-6HisF:11E2 and pBPSTR-6HisF:CM4 were used to generate HeLa-and 293-derived cell lines that conditionally express hexahistidine/FLAGtagged HPV-11 E2 and dsE2C, respectively. Baculovirus transfer plasmids pVL-F:mBrd4 and pVL-HA:E2 were used individually for expression and purification of FLAG-tagged mouse Brd4 and HA-tagged HPV-11 E2 in insect Sf9 cells. Construction of these plasmids as well as the other bacterial and mammalian expression plasmids for E2 and Brd4 is described in the Supplemental Material.
Two retroviral plasmids, phBrd4-shRNA#1 and phBrd4-shRNA#2, which contain human Brd4 nucleotide sequences 228-246 and 423-441 (relative to the translational start site), were constructed, respectively, by cloning a 59-mer doublestranded oligonucleotide, annealed from 5Ј-GATCCCC-19 nt (sense)-TTCAAGAGA-19 nt (antisense)-TTTTT-3Ј and 5Ј-AGCTAAAAA-19 nt-TCTCTTGAA-19 nt-GGG-3Ј that harbor the individual Brd4 targeting sequence (i.e., 228-246 or 423-441), into pSUPERIOR.retro.neo+gfp (OligoEngine) between BglII and HindIII sites.
Establishment of inducible E2 cell lines and stable Brd4-knockdown cells
Tetracycline-regulated 293-E2, 293-dsE2C, HeLa-E2, and HeLadsE2C cell lines that conditionally express hexahistidine/ FLAG-tagged E2 and hexahistidine/FLAG-tagged dsE2C in 293 or HeLa cells were established by transfecting pBPSTR6HisF:11E2 and pBPSTR-6HisF:CM4 into the ⌿ CRIP retroviruspackaging cell line, from which the resulting viruses were used to infect human 293 or HeLa S cells according to the published protocols (Wu and Chiang 2001b; Wu et al. 2003) . After selection of infected cells with 0.5 µg/mL puromycin in DMEM containing 10% fetal bovine serum and 1 µg/mL tetracycline for ∼3 wk, antibiotic-resistant colonies were individually expanded into cell lines and tested for inducible expression of hexahistidine/FLAG-tagged E2 or hexahistidine/FLAG-tagged dsE2C by Western blotting with anti-hexahistidine antibodies.
The stable C-33A-derived Brd4-knockdown cell line #1-13 and the vector-harboring cell line V-1 were established by transfecting phBrd4-shRNA#1 and pSUPERIOR.retro.neo+gfp into ⌿ CRIP cells, in which the resulting viruses were used to infect C-33A cells, following the same protocols described above, except 1 mg/mL G418 was used for selecting drug-resistant colonies in the absence of tetracycline. The stable HeLa-derived shBrd4-knockdown cells (#1-3) were similarly established in HeLa S cells as described above.
Purification of the E2-P.5 complex and identification of Brd4
The E2-P.5 complex was purified by immunoaffinity purification and peptide elution methods ) from the 0.5 M KCl fraction of the P11 ion-exchange column (P.5) after fractionation of 293-E2 nuclear extracts as described . Control purification was similarly conducted using the P.5 fraction derived from nuclear extracts prepared from 293 and 293-dsE2C, respectively. For protein identification, see the Supplemental Material.
Purification of recombinant proteins
Purification of FLAG-tagged mouse Brd4, FLAG-tagged HPV-11 E2, in vivo assembled recombinant Brd4-E2 complexes, HeLa core histones, recombinant human NAP-1, p300, AP-1, Drosophila ACF, Gal4-VP16, and various FLAG-tagged mouse Brd4 deletion domains was conducted as described (Chiang and Roeder 1993; Wu et al. 1999) and is further detailed in the Supplemental Material.
Chromatin assembly and in vitro transcription
Chromatin assembly and in vitro transcription were performed as described (Thomas and Chiang 2005) with some modifications. Unless otherwise specified, relative transcription (Rel Txn) in each set of reactions is defined as the signal intensity, quantified by Typhoon 9200 PhosphorImager (GE Healthcare), from the HPV chromatin template relative to that performed in the presence of AP-1, acetyl-CoA, and p300, after initial normalization with the signal derived from the internal pML⌬53 control template. For specific details, see the Supplemental Material.
Mapping nucleosome position by LM-PCR and primer extension
In vivo nucleosome positioning on the HPV-18 E6 promoterproximal region was determined by LM-PCR using MNase-digested HeLa chromatin according to published protocols (Kemper et al. 2004 ). Specifically, MNase-digested HeLa chromatin was 5Ј-phosphorylated by T4 DNA kinase and then ligated with a 23-mer DNA linker, before it was used for PCR amplification with an upstream linker primer and a downstream HPV-18 E6 promoter-specific primer that anneals to nucleotides 149-172 (for primer A mapping) or 7751-7777 (for primer B mapping) of the HPV-18 genome. Asymmetric PCR (or primer extension) was further conducted using PCR-amplified DNA fragments with 32 P-labeled primer A that binds to nucleotides 111-136, or primer B hybridizing to nucleotides 91-118 of the HPV-18 genome. The labeled products were separated on a 5% DNA sequencing gel and analyzed by the Typhoon 9200 PhosphorImager.
In vitro mapping of nucleosome position was conducted with in vitro reconstituted HPV-11 (p7072-70GLess/I + ) or HPV-18 (pBR322-HPV18) chromatin, which was treated with MNase for a different time period and then used for asymmetric PCR, after deproteinization, with 32 P-labeled Gless(AS)-31/55 primer (5Ј-
